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Abstract 
Thick single phase Fe2B coatings were prepared on plain carbon steels by a novel alternating current field enhanced pack 
boriding (ACFEPB). Samples were set between a pair of parallel electrodes on which a 50Hz alternating current field (ACF) with 
a current of 4A was applied during a 4h pack boriding. The coating’s structure, phases, thickness, and hardness distribution were 
characterized. The results showed that the ACF could greatly promote pack boriding and lead to the formation of a single phase 
Fe2B coating with a thickness of more than 100ȝm by 4h pack boriding at 800ć. It was proposed that the ACF had an effect on 
promoting diffusion of boron and iron in the treated samples by producing more vacancies in samples’ subsurface. The ACF 
should also have effects on enhancing diffusion and chemical reactions in the boriding media. 
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1. Introduction 
Pack boriding is the only commercially employed boriding process because of its relative ease of handling, safety 
and the need for limited equipment. During the boriding a coating of interstitial boron compounds forms with 
absorption of boron atoms from pack media and the atoms’ subsequent diffusion into the metallic lattice of the 
component subsurface. The process has been well known for more than 50 years (Küper et al., 2000). It is especially 
noteworthy that the boride coating can greatly enhance hardness, wear and corrosion resistance of plain carbon steels 
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as well as many other alloys (Jiang et al., 2011; Sinha, 1990; Hunger et al., 1994; Tsipas et al., 2010). Plain carbon 
steels may thus be used to replace expensive alloy steels for making components working in some severe service 
conditions. 
Depending on the pack boriding parameters, including the pack media, boriding temperature and soaking time, a 
single-phase or double-phase coating of boride is formed in plain carbon steels. The single-phase coating consists of 
Fe2B, while the double-phase coating consists of an outer FeB plus an inner Fe2B (Kartal et al., 2011; Martini et al., 
2004; Dybkov, 2007). The formation of a single-phase Fe2B coating is generally desired compared with the double-
phase one although the FeB phase is harder than the Fe2B phase. This is mainly because the boron-rich FeB is more 
brittle than the Fe2B. Also, FeB and Fe2B phases exhibit substantially different coefficients of thermal expansion. 
FeB and Fe2B are formed under tensile and compressive residual stresses, respectively (Kartal et al., 2011). 
Therefore, crack formation is often observed at or near the FeB/Fe2B interface of the double-phase coating. These 
cracks may lead to flaking and spalling when a heavier mechanical load is applied, especially when a component is 
undergoing a thermal and/or mechanical shock. Limiting the boron potential of the boriding media can produce 
single phase Fe2B coatings (Jain et al., 2002). A single Fe2B phase coating can also be achieved from a double-phase 
FeB+Fe2B coating by a subsequent vacuum or salt bath treatment for several hours above 800ć after normal 
boriding (Sinha, 1990; Kartal et al., 2011). However, those measures for achieving thick single-phase Fe2B coating 
also mean high treating temperature and/or long duration, which make the process more costly. Long soaking time 
to achieve a thick boride coating is another drawback of conventional pack boriding (CPB). The present authors’ 
previous studies shown that employing direct current field (DCF) could greatly accelerate pack boriding with 
energy-saving (Xie et al., 2006; Xie et al., 2012). A thick boriding coating could therefore be obtained at a lower 
temperature. But the coating was a double-phase one. 
The purpose of the work introduced here was to produce a single-phase Fe2B coating with a thickness of more 
than 100ȝm by a 4 h pack boriding at 800ć. To achieve this, a novel pack boriding enhanced by an alternating 
current field (ACF) was tried. 
2. Experimental details 
Figure 1 schematically shows main parts of the apparatus for alternating current field enhanced pack boriding 
(ACFEPB). Samples, parts 5 and 6, were set between parallel electrodes, parts 3 and 7, on which an ACF was 
applied by an adjustable AC supplier, part 10 during boriding. The sealed container, part 8, was heated in a chamber 
furnace during the treatment. CPB was carried out in another container heated in the same furnace for ACFEPB. 
ACFEPB and CPB were applied to samples made of normalized plain carbon 45 steel (~0.45% C) and 20 steel 
(~0.2% C) with dimensions of 10mmh10mmh5mm. All samples were ground and cleaned to remove surface 
contaminations before boriding. Constituents of the boriding media were 5 wt.% and 10 wt.%, respectively, 
masteralloy of Fe-B, 5 wt.% potassium tetrafluoroborate (KBF4), 2 wt.% charcoal with the balance of silicon carbide 
(SiC). ACFEPB was realized by applying a 50Hz ACF with a current of 4A to the electrodes when the soaking 
temperature was reached. Soaking temperature was 800ć and soaking duration was 4 h for all boriding processes. 
Microstructures and the boride coating thickness of the borided samples were revealed by optical microscope 
(OM). The coating thickness was obtained by averaging the distance from the surface to the tip of the tooth shaped 
boride and was measured at the middle part of the samples. Information on the coating phases was obtained by both 
OM investigation to the coating’s cross-section and X-ray diffraction (XRD, Cu KĮ radiation, 100mA, 40kV) at 
surfaces of the borided samples. The coating’s Vickers’ hardness distribution from the surface to the substrate was 
obtained by Vickers’ hardness testing with a load of 0.1kg. The adopted hardness for the distribution was an average 
of at least 5 measurements at locations in the samples’ cross sections with the same distance from the surface. 
3. Results and discussions 
3.1. Coating microstructures 
Figures 2 and 3 show microstructures in cross-sections of the CPB and ACFEPB 45 steel and 20 steel samples 
separately. It can be seen that two phases of tooth shaped FeB and Fe2B comprised the boride coating of all CPB 
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samples treated at 800ć with the pack media containing 5 wt. % and 10 wt. %, respectively, Fe-B masteralloy. The 
lower boron potential pack media, containing 5 wt. % Fe-B masteralloy, still could not prevent the formation of FeB 
during the 4 h CPB. The darker FeB was at the outer part of the coating. The inner brighter Fe2B zone accounted for 
more than 50% of the total coating. However, when a 50Hz ACF with a 4A current was employed, single phase 
Fe2B comprised the whole coating of samples borided not only with the pack media containing 5 wt.% masteralloy 
of Fe-B but also with the media containing 10 wt. % Fe-B masteralloy. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematic of the apparatus for the ACFEPB.  
(1: clay sealing; 2: lid; 3, 7: electrodes; 4: boriding media; 5, 6: samples; 8: container; 9: conducting wire; 10: adjustable AC supplier.)  
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Microstructures in cross-sections of borided 45 steel samples. 
(a: CPB, 5 wt. % Fe-B; b: CPB, 10 wt. % Fe-B; c: ACFEPB, 5 wt. % Fe-B; d: ACFEPB, 10 wt. % Fe-B) 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Microstructures in cross-sections of borided 20 steel samples. 
(a: CPB, 5 wt. %Fe-B; b: CPB, 10 wt. %Fe-B; c: ACFEPB, 5 wt. %Fe-B; d: ACFEPB, 10 wt. %Fe-B)         
3.2. Coating phases 
Figure 4 gives results of XRD tested at surfaces of CPB 45 steel samples. No Fe2B phase was detected to the 
sample borided with the lower boron potential media, 5 wt.% masteralloy of Fe-B, as well as with the higher boron 
potential media, 10 wt.% masteralloy of Fe-B. This is because the outer FeB zone was quite thick in both cases and 
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prevented the X-ray from detecting the Fe2B phase below the thick FeB layer. The FeB phase in both samples had a 
very strong (002) preferred orientation. The XRD results indicted that a double-phase boride coating was formed on 
the CPB samples. 
Figure 5 gives results of XRD tested at surfaces of ACFEPB 45 steel samples. Contrary to the results of CPB 
samples, only Fe2B phase was detected and no FeB phase was detected. The Fe2B phase had a strong (002) preferred 
orientation, too. The XRD results mean that single-phase Fe2B coatings were formed on the samples treated by 4 h 
ACFEPB at 800ć, which is consistent with what was observed with OM (see Figs. 2c, 2d, and  Figs. 3c, 3d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  XRD spectra of 45 steel samples borided by CPB                      Fig. 5.  XRD spectra of 45 steel samples borided by ACFEPB 
 
3.3. Coating thickness and hardness 
Table 1 presents the borides coating thickness of all CPB and ACFEPB samples. It indicates that the ACF 
enhanced borides’ growth greatly. The ACFEPB samples’ coating was thicker than that of corresponding CPB 
samples by at least 60%. Single-phase Fe2B coating thicker than 100Pm could be produced on both 45 steel and 20 
steel by ACFEPB with only 4 h soaking at 800ć. Coatings on 20 steel samples were slightly thicker than those of 
45 steel samples by the same boriding process. A difference in carbon content of the steels was associated with the 
difference in coating thickness. 
 
Table 1 Boride coating thickness of differently treated samples, Pm 
 
Process CPB, 5 wt. % Fe-B ACFEPB, 5 wt. % Fe-B CPB, 10 wt. % Fe-B ACFEPB, 10 wt. % Fe-B 
Steel code 20 45 20 45 20 45  20 45 
DFeB ~10 ~16 0 0 ~25 ~33 0 0 
DFe2B ~55 ~44 ~102 ~96 ~50 ~35 ~130 ~120 
Dtotal ~65 ~60 ~102 ~96 ~75 ~68 ~130 ~120 
 
 
 
 
 
 
 
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
20 30 40 50 60 70 80 90 100
C
PS
Tq
ƻ :  FeB
x:  Fe2B
ƻ
ƻ
ƻƻ ƻ
(1) 5wt.% Fe-B
(2) 10 wt.% Fe-B
(002)
(212)
(210)(020)
(101) (021)
ƻ
(110)
ƻ
(211)
ƻ
ƻ
ƻ
ƻ ƻ ƻ ƻ ƻ
0
10000
20000
30000
40000
50000
60000
20 30 40 50 60 70 80 90 100
C
P
S
Tq
ƻ :  FeB
x:  Fe2B
x
x
x
x
x
x
x
x
x
(1) 5wt.% Fe-B
(2) 10 wt.% Fe-B
(002)
x
x
xx
xx
(112)
(112)
(121)
(121)
(020)
(020)
(022)(130)
(330)
(141)
(330)
(004)
(004)
x
(130)
(022)
(114)
x
(332)
x
92   Fei Xie and Li Sun /  Physics Procedia  50 ( 2013 )  88 – 93 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Vickers’ hardness distribution from the surface to the substrate of differently borided 45 steel samples, HV0.1 
 
Figure 6 depicts the cross-sectional distribution of Vickers’ hardness in the borides coating of the differently 
borided 45 steel samples. Lower hardness of the ACFEPB boride coating, especially in the near surface region, than 
that of CPB coating is another indication that the ACFEPB coating was composed of single Fe2B phase. It is well 
known that the Fe2B’s hardness is lower than that of FeB. Single Fe2B phase coating is less brittle than the two-
phase (FeB+Fe2B) boride coating while still maintaining pretty good wear resistance (Küper et al., 2000; Jiang et al., 
2011; Sinha, 1990;  Kartal et al., 2011). 
4. Discussions 
ACF supplies extra energy to the media molecules by enhancing the vibration of the molecules’ atoms, expedites 
chemical reactions in the media. ACF’s electro-magnetic stirring effect increases diffusion in the media. Therefore, 
more fresh and active boron-containing species move to the sample’s surface. However, the active boron-containing 
species’ concentration is less higher than that in direct current field enhanced pack boriding (DCFEPB), as in the 
later case the positively charged boron-containing species are driven by DCF toward the cathode samples, leading a 
very high concentration on the sample’s side facing the anode (Xie et al., 2006; Xie et al., 2012; Xie et al., 2012) . 
During pack boriding, reactions below take place sequentially at the sample’s surface forming a double-phase 
borides coating when the boron potential in the atmosphere is high enough.  
 
[B] + 2 Fe= Fe2B                                                                                                                                (1) 
[B] + Fe2B= 2 FeB                                                                                                                              (2) 
 
where [B] stands for active boron atoms coming from the pack media (Dybkov et al., 2005). 
Then, boron atoms diffuse from the surface across the outer FeB zone to react with the inner Fe2B to form more 
FeB, while iron atoms diffused from the substrate across the inner Fe2B zone to react with the outer FeB to form 
more Fe2B. Therefore, both boride zones thicken at the common interface (Dybkov, 2007). Only when the speed of 
the new Fe2B’s formation is faster than that of the new FeB’s formation, can a single phase Fe2B coating be 
achieved. Another effect of ACF in ACFEPB discussed in the following should lead to such a result. 
ACF’s electro-magnetic function also influences the thermal vibration of atoms of the treated sample and the 
movement of electrons surrounding the atoms by induction. An alternating current will be induced in the treated 
samples. This should be helpful in producing vacancy, just like direct current’s effect in enhancing vacancy 
concentration in metal lines (Asoka-Kumar et al., 1996; Kondo et al., 2008). It is well known that an alternating 
electric current (AC) has skin effect, a tendency of AC to distribute itself within a conductor with the current density 
being largest near the surface of the conductor, decreasing from the surface at greater depths. It can be proposed that 
the concentration of vacancy produced by the ACF should be correspondingly influenced by the skin effect with a 
distribution similar to that of the induced AC. Because of larger size of iron atom, vacancies are more beneficial for 
iron’s diffusion than for boron’s. With the high concentration of vacancy in the sample’s skin, much more iron 
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atoms than those in CPB diffuse from the substrate across the inner Fe2B layer to react with the outer FeB. 
Therefore, the new Fe2B phase forms more quickly than the new FeB does, and a thick single phase Fe2B coating 
will be achieved. 
5. Conclusions  
 (1) By employing a 4 A current 50Hz ACF in pack boriding, a thick single-phase Fe2B coating was achieved at 
800ć with 4 h soaking on plain carbon 45 steel and 20 steel. The single-phase coating was thicker than the double-
phase coating by corresponding CPB by at least 60%. 
(2) The ACF increases the activity and productivity of boron-containing species by intensifying chemical 
reactions in the boriding media. ACF’s electromagnetic effect should be helpful for producing more vacancies in the 
substrate, which favors diffusion of both boron and iron in the sample for forming a thick single-phase Fe2B coating. 
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